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Abstract

The CDUCT code utilizes a parabolic approximation to the convected
Helmholtz equation in order to efficiently model acoustic propagation in
acoustically treated, complex shaped ducts. The parabolic
approximation solves one-way wave propagation with a marching
method which neglects backwards reflected waves. The derivation of the
parabolic approximation is presented. Several code validation cases are
given. Arn acoustic lining design process for an example aft fan duct is
discussed. It is noted that the method can efficiently model realistic
three-dimension effects, acoustic lining, and flow within the
computational capabilities of a typical computer workstation.

i1



v



Table of Contents

AADSITACT ..ttt ettt sttt e e ea et bbb ea et e e b e eh b e ea bt e et e ar e she e s bt e et e nreenraeean i1
LIST Of TaBIES. ...ttt ettt et ettt b e sa bt et e n e b eab b ea e ne e nees vi
LISt Of FIZUIES 1ovviiiiieiiiie et e et st st saba e e saba e e saba e e sabeeesebeeesabeessbbeesssbeas vii
LSt OF SYMDOLS 1.ueiiiiiiiiiiiiiiiiieiie et st sir e san e st e sabnaesabeeesabeeesebaeeseneeesenes viil
1.0 INTrOQUCHION 1.ttt ettt st et e b e sab e et e st e s sn e sebeenbe e e e e nn e seneenne 1
1.1 CDUCT COUC....ueiieiiieiieeiie sttt ettt st e sttt ettt sheeste st e bt esbeebbesbaessesaeenbeentesssesbeesseentens 1
1.2 Outline and SumMmAry of WOTK .......coovviiiiiiiiniiiiiie e sree e e sve e seveees 1
1.0 CDUCT ParaboliC APProXimatiOn.....c.ceerveerruveersureersiueensuneessuneeriseessuneesssseessreeesseessnesssneessens 2
2.1 Governing EQUATION ......ccovvuiiiiiiiiiieiiiie sttt cir e sireesineesabneesaneesssneesennessaneeesenneas 2
2.2 Impedance Boundary COndition.........ccvevvueeriieiriieinniieeniieeenireeenneeenreesineesnneesneessneeesenenes 5
2.3 Marching Method.......c.cooviiiiiiiiiiieiiie ettt s sr e sabreesebe e e sebe e e seaeesebeeesebeeas 6
2.0 CDUCT Prediction Validation .......ccocveeriiveinniieeniieenieeesseeeneeeineesvneesneeeseneessnesssenessssnesssens 8
3.1 Rigid Wall Rectangular DUCK ........c.cevvviiiiiiieiiiie i sieee e siees e sieeeseineeseveeeseveeeseneees 8
3.2 NASA Langley Grazing Flow Impedance Tube ..........ccccccevviieiiniiiniieiniieinnieeenieessieesninens 9
3.3 Rectangular FIOW DUCK.......ccoiviiiiiiiiiiie ettt st siie e sin e saeeesiineesabeessebeeesereessenes 11
3.4 Annular FIOW DUCTE.....c..uiiiiiiiiee ettt sttt e s e s e 12
3.5 Prediction Validation ConClUSIONS.........cccveiviiiiiiieiiiieiiiee e sieeesieeesreeesieeesereesseneessene 13
3.0 ACOUSHIC LANMINEZ ...uvviiiiiiiiiiieiieieiieeesiiee sttt sstie e s stae e ssaaeestaeesiaaesinaessanaesssneesaneesssneessssensssneessens 14
4.1 Optimized IMPEAANCE ......eovvieiriiiiiie ittt ettt sbree e eesebeeesebeeesebeeesebeessabeeens 14
4.2 LANINEZ DESIZN...uviiiiiiiiiiiieiiiieesiieesiae st estaesteesiraessinaessbraesabaeestbaeesereeessbeessssessssneesssneenns 15
4.3  Acoustic Lining CONCIUSIONS .....icivviiiriireiriie e enteecireesireesieeesineesereeesereesseneesssnessssneenes 17
4.0 ICD Array Mode MeEaSUIEIMNENT. .......uvirurirrirreiireeiireesireesieeesieeesireessseesssnessseessseesssessssnees 18
5.1 NASA Glenn Active Noise Control Famn.........ccccovviiviiiiniiieiiie e sieee s 18
5.2 ICD Microphone Array and Data ProCesSing ...........ccccevvvverriiveiiveeniveenieeeniieessneessnessnens 18
5.3 Comparison of TeSt RESULLS .....ciiviiiiiiiiiiie i 19
5.0 Conclusions and RecommeENdations...........cocueereiriienieiieeieentee et s 20
Appendix A Optimum Specific Impedances for 2, 4, and 8-Zone Cases .........cccvverveeveenceennnenne 21
Appendix B NASA Glenn ICD Array Microphone Locations ..........ccceecvveerivernieennineennineesninennns 23
RETEIEIICES ...ttt ettt et et r e bt es bt e se e e b shr e srbeenbeeaes 24
FLZUIES .ottt st e s e st et ae et ae et e sabb e shbaaeshbaaesabaaeseabeeeeabeeentbe s 25



List of Tables

Table 1. Baseline Impedance of Ceramic Tubular Liner (CT65) ........ccceviveiriieiiieiniiieiieeniee e enneesineesneesineesveesenes 10
Table 2. Configuration Lining IMPEAANCE............covuveiiiiiriiieiiitiniieiieenrie e enteesinessseesireessieesstsessseestsessssessanesssessanes 11
Table 3. Comparison of POWer AtENUALIONS ...........coccireiriieiieieeieeieeientee ettt eie et esie et etnestnesraesmeesreeseessecnes 12
Table 4. Annular Duct Experimental PATAmMETEIS ............cooceeviieiieieeieiieiienieineciecne oottt et et sraesneesreesecssecaes 12
Table 5. Comparison of Power Attenuations for a Given Mode.............ccoceneiniininiinciniceieeie e e ecse e 12
Table 6. Optimized Uniform IMPEdance ..............cooerveiriiiniiiiieiiieie ettt ettt st e se e 14
Table 7. Summary of PNLT Attenuation RESTILS ..........ccceeciieiiiiiiiiiniiiiicctcceic et ettt st s 17
Table 8. Expected Modes in ANCF at 2200 CRPM ........cccccovtiriiiieiiaieeieeiesteenreenreeneceeeniie et etnestnesnaesneesreeseessecnnes 19

vi



List of

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 12.
Figure 13.
Figure 14.
Figure 14.
Figure 15.
Figure 16.
Figure 16.
Figure 17.
Figure 18.
Figure 18.
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.
Figure 28.
Figure 29.
Figure 30.
Figure 31.
Figure 32.
Figure 33.
Figure 34.

Figure 35.
Figure 36.

Figure 37.
Figure 38.

Figure 39.
Figure 40.
Figure 41.
Figure 42.
Figure 43.
Figure 44.
Figure 45.

Figures
Typical turbofan €NgINe ZEOMEITY..........ccueiriviriieiritttinite et riae et nrae st e saaeseteesrbae sttt esbaesebesnsaesesessseesanes 25
Rectangular hardwall dUCE ZEOMEIIY. .......cveiiviiiiiiiit ettt er e s sbbeesieesstbeensnessbbeansnesses 25
Comparison between CDUCT and analytical results, 500Hz, M=0.0, planewave. ................cccccceevcrnecnne. 26
Comparison between CDUCT and analytical results, 8000Hz, M=0.0, planewave...............ccccccocencrnucnne. 26
Comparison between CDUCT and analytical results, 500Hz, M=0.8, planewave. ............c..cccccceevernecnne. 27
Comparison between CDUCT and analytical results, 8000Hz, M=0.8, planewave...............cc.cccocencrnecnne. 27
Comparison between CDUCT and analytical results, 500Hz, M=0.0, (1,0) mode............c...cocvererrernurennne. 28
Comparison between CDUCT and analytical results, 500Hz, M=0.0, (2,0) mode............c...cocvereerernurennne. 28
Comparison between CDUCT and analytical results, 500Hz, M=0.0, (3,0) mode................cocverevrernurenne. 29
NASA Langley grazing flow impedance tube schematic. .............cc.ccoorniniiiiiiiiiiieiicnce e 29
Hardwall sound pressure level, M=0.0............ccocctirmiieiiiiniie it st sie e sie s sraesetesssraesereesssaesaneens 30
Hardwall real and imaginary parts of acoustic pressure, M=0.0. ............ccoccorrrnirneinicinicenieieerecrecne e 31
CONCIUAEA. ...ttt e s 32
Hardwall sound pressure level, M=0.3. . .........ccccctiiiiiiiiiiiie et raesie e sraesete s sraesibeesssaesaneess 33
Hardwall real and imaginary parts of acoustic pressure, M=0.3. ............ccoccrrnirviniininnieeere e e 34
CONCIUAEA. ...ttt e s 35
Ceramic tubular liner sound pressure level, M=0.0..............cccccovriiriiiinieiiitiniie st sie e sie e siae e 36
Ceramic tubular liner real and imaginary parts of acoustic pressure, M=0.0. ............cccccoceervrnicrniennenne. 37
CONCIUAEA. ...ttt et s et s 38
Ceramic tubular liner sound pressure level, M=0.3..............cccccoviiiriiinieiiieiniie e sie e sraesiees 39
Ceramic tubular liner real and imaginary parts of acoustic pressure, M=0.3. ...........coccoeernvrnicrniennenne. 40
CONCIUAEA. ...ttt et s et s 41
Rectangular flow duct SCREMALIC. .......ccc.ceiiiiiiriiiiiicict ittt et st s e s 42
Annular flow duct SChEMALIC. ..ottt 42
Example aft fan ducCt GEOMELIY..........ccocciriiriiiiiiiicie ettt et et st sr e e e see e 43
Computational grid for example aft fan duct (28 X 162). .......coccoviiriiiieiiieiiiiieiieieecceie e 43
Optimum attenuations for uniform LNINg. ..........ccccccevvniiniicr e 44
Optimum specific resistance and reactance for uniform lning. ...........c..ccooovininvniciiinienieiece e, 44
Attenuation contours for S00Hz, 1000Hz, 2000HZ, 4000HZ...........cvooovieviiiiiriieiiiniiiiirieeieeeorniiiiereeeseenons 45
Segmented acoustic liNiNg ENVEIOPE..........cc.cecvviriiriiniiiiiiiceit et ettt cee e se et eae e enie e 46
Optimum attenuations for 1, 2, 4, 8-ZOME CASES. .......cccverrireerieeiiireerieesiireereeesireesieessireesieessssessieessssessaesses 47
Example aft fan duct geometry for lining desiZn. .........cocceoieviieiiiniini e 47
Attenuation for various radial positions of three Gaussian SOUICES. ............ccoccoveerveiricinicenieeieeireenennennees 48
GAUSSIAN TIP SOUICE.....e.vveriiiiieirieiitinie ettt ettt etteetreetaesteesaee s ease e bt esetesetesteetteetbeetbeshaesneesneesaesmeeseemeeenteenteann 48
Hardwall and treated spectra for narrow-chord turbofan engine. .............coccoveeniieiiieieieiienencncnecne 49
CDUCT calculated attenuation for baseline lining, Gaussian tip source, conventional geometry. .......... 49
CDUCT calculated attenuation in conventional geometry, baseline and 6-zone lining. .............c..cc........ 50
Conventional aft fan duct, 2kHz: a) acoustic pressure, baseline lining, b) acoustic pressure, 6-zone
lining, c¢) axial intensity, baseline lining, d) axial intensity, 6-zone lining.............c.cccoccevvcevrvcinccenicenrns 50
Highly curved aft fan ducCt SEOMEIIY. ........cccceiiiiiiiiiiciciit ettt et e st snees 51
CDUCT calculated attenuation in conventional and highly curved geometry, Gaussian tip source,
DASEIINE HININE. ..eoiuviiiiie ittt st stb e e aeee st be e b aestbeesssaestbeansnaestbeenaneesbbeenane e 51
CDUCT calculated attenuation in conventional geometry with baseline lining and highly curved
geometry With 6-Zone LIMINE. ........coccooieiieiiieiieiiieiie ittt ettt et st sr et eete et 52
Highly curved aft fan duct, 2kHz: a) acoustic pressure, baseline lining, b) acoustic pressure, 6-zone
lining, c¢) axial intensity, baseline lining, d) axial intensity, 6-zone lining.............c.cccoccevccevnvcinccincenrns 52
Schematic Of ANCE fACIILY. ....oiiiiiiiiiiiis ettt st e r et nbaestbe e sbaestbeesnbbesabeessbaesareens 53
Computational grid for ANCE facCiliy. .........cociviriiiniiiiiiiieiieie et snees 53
Sample CDUCT solution for ANCF, (-4,0) mode, 2BPF.........c..cccccciimiiiiiiiiiie e cieesive e e snee e 54
Comparison between ICD array and rotating rake, 10 rods, BPF...........cc.ccccecviiininiininiiiicecreens 55
Comparison between ICD array and rotating rake, 10 rods, 2BPF..............cc.cccoeviiniininnnccieice e 56
Comparison between ICD array and rotating rake, 15 rods, BPF...........cccccccceeiiiiiniinininciiieecrees 57
Comparison between ICD array and rotating rake, 15 rods, 2BPF..............ccccccoeviiniincninncieiee e 58

vii



List of Symbols

<

mn

unit vectors in E, directions

speed of sound

duct dimensions

distance associated with a unit change in &,
distance associated with a unit change in &,
distance associated with a unit change in &,
index or imaginary number

index

wave number or integer

wave number

spinning mode order

harmonic index

time

flow velocity magnitude

flow velocity vector

duct dimension

Cartesian coordinate

Cartesian coordinate

Cartesian coordinate

Cartesian coordinate

Cartesian coordinate

Cartesian coordinate

specific admittance

mode constants

viil



SN

=

BPF

CRPM

EPNL

matrix

matrix or model coefficient

model coefficient

number of rotor blades

beamform expression

blade passage frequency

corrected revolution per minute
effective perceived noise level

vector

index

acoustic intensity

duct dimension

Mach number

maximum grid index number

matrix

tone corrected perceived noise level
matrix

specific resistance or radial coordinate
number of stators

acoustic power

specific reactance or axial coordinate
matrix term for forward traveling waves
coupling term

matrix term for backward traveling waves

coupling term

X



S
S

acoustic potential

angular frequency

orthogonal curvilinear coordinate

orthogonal curvilinear coordinate

orthogonal curvilinear coordinate

acoustic potential for forward traveling waves

acoustic potential for backward traveling waves

acoustic velocity potential below an infinitely thin boundary layer

flow velocity potential



1.0 Introduction

Aft fan noise refers to acoustic energy that is generated by the fan of a turbofan engine and propagates
downstream through the aft fan duct and eventually radiates to the farfield. Figure 1 shows the aft fan
duct geometry of a typical turbofan engine. Aft fan noise radiation accounts for a large portion of the
community noise generated by modern commercial transport aircraft. One of the most important
techniques for controlling aft fan noise is the use of acoustic lining. The design of this lining depends on
accurately modeling the acoustic propagation through the complex shaped duct. The CDUCT code was
developed under the NASA Advanced Subsonic Transport (AST) Contract NAS1-97040 to efficiently
model duct acoustic propagation and help design acoustic lining systems.

1.1 CDUCT Code

Several techniques exist for solving duct acoustic propagation problems. These include mode methods
[1], finite elements [2], computational aeroacoustics [3], and ray acoustics [4]. It is noted that the typical
mode methods do not account for important details in geometry. Finite element and computational
aeroacoustics techniques are computationally slow which is not ideal for optimization and design
problems. Furthermore, ray acoustic techniques are not accurate for the typical aft fan duct geometry at
frequencies of interest.

The CDUCT code is based on a parabolic approximation to the convected Helmholtz equation. The
approximation simplifies the problem by neglecting reflections that couple downstream propagating
waves to upstream propagating waves. The problem transforms into solving one-way wave propagation,
which can be accomplished with a computationally fast marching method. The method can account for
three-dimensional effects, acoustic lining, and flow within the computational capabilities of a typical
computer workstation.

1.2 Outline and Summary of Work

The primary objective of this research is to validate the turbofan duct propagation code, CDUCT, and
utilize the code to design and optimize aft fan duct acoustic systems. The CDUCT code is validated with
both analytical solutions and experimental data to establish its accuracy and explore its strengths and
limitations. Optimization of acoustic lining impedance distributions is demonstrated for the aft fan duct
of a typical modern high bypass ratio engine. A detailed advanced liner design is then developed for an
example aft fan duct and its performance is compared to current production technology. A unique
application of CDUCT is also presented, where measurements from a phased array system mounted to an
inflow control device are combined with CDUCT predictions to result in a mode measurement system.
This mode measurement system was tested at the NASA Glenn Active Noise Control Fan Facility and
validated with the rotating rake system.

Section 2 describes the CDUCT parabolic approximation. Section 3 presents the CDUCT validation
results. Section 4 describes the CDUCT impedance optimization and lining design. Section 5 describes
the CDUCT mode measurement system. Finally, Section 6 presents conclusions and recommendations.



1.0 CDUCT Parabolic Approximation

The CDUCT code is based on a parabolic approximation to the convected Helmholtz equation in an
orthogonal curvilinear coordinate system [5,6]. The convected Helmholtz equation is written as a
coupled, first order system of partial differential equations. The coupling terms representing reflections
are neglected which results in a pair of one-way propagation equations. The propagation equation
representing forward going waves are solved with a marching method. The resulting method also
accounts for the transverse boundary conditions that represent the impedance surface of the duct and the
effect of an infinitely thin flow boundary layer.

2.1 Governing Equation
The acoustic velocity potential is assumed to obey the convected wave equation

1
c_zD'2¢ =V (1)

where ¢ is the acoustic velocity potential, c is the speed of sound, and the total derivative is

0 _ -
D =—+V-V=—iw+v-V (2)
ot
where t is time, V is the flow velocity vector, @ is angular frequency and i is the imaginary number. An
acoustic time dependence of e is assumed. Let & el0,x],E, €[0,x],&, €[0,1] be a system of
orthogonal curvilinear coordinates such that the &, coordinate lines are parallel to the flow. The

Laplacian operator in the orthogonal curvilinear coordinate system can be written as

1 0 (hh, d¢
Vi =V; L2 3
=Vt 853[ I 853] )

where the transverse Laplacian, Vi(]) , 18 written as

o1 [ (mhos) 9 (hh 39
Vl‘p‘hlhzhg[aél[ h & ]+aéz[ h 0, H @

and

ax, Y %
h, = 2[%) i=13 j=13 (3)

J

represents the distance associated with a unit change in &, , and the x ; Tepresent a Cartesian coordinate



system [7]. The gradient is written as
— (6)

where @; are the unit vectors in the E, directions. Substituting Eqns. (2) and (3) into Eqn. (1) and using

the assumption that v is parallel to 53 results in

1-M* 9 (1 9¢ [ 1 ( MoM |19 . 2
— hh, ) - 2sz+ — L _Vip-k’¢ (7)
h, 853[/13 853] h.hyhy O, hy 08, |hy 08, *

where the Mach number, M, is
A%
M= (8
C
and the wave number, k, is

k=

@ ©)
C

Eqn. (7) can be expressed as a system of first order equations through a change of variables. First, Eqn.
(7) is written as

2 ¢ 0 1 M ¢
1-M~ 0 1 99 |= ) o2 : MoM | 1 o¢ (10)
h aé —k" =V} ( 1 2) —
3 3| by 0€, hh,hy 08, h, 9E, hy 0&,

Let the matrix in Eqn. (10) be expressed as A, + A, where

2
5
and
! 1 X M oM
Al:[—Vi hhh 853(1 2) h 853] (12)



Let P be a matrix whose columns are the eigenvectors of A,

1 1
P=| ik ik (13)
1+M 1-M

and define the new dependent variables ™ and W~ by

¢ N
1 99 _P[W_} (14)
nog, | LY

By using Eqns. (11), (12), and (14), Eqn. (10) can be rewritten as the system of first order equations

sl 5 o]
9, |y Y olv
where the matrix terms are
o Bl__h ‘1A0P+ s P'AP-P' — op (16)
y 0 T1-Mm? -M? d&,

and o and § are terms associated with the forward and backward going waves, respectively, and B and vy
are coupling terms. If the coupling terms are neglected, the forward propagation equation is

aa‘g —ay” (17
where
zlfj:lzl; _%Vi 1+1M 20, 353(1 )+ 20+ M)?)]Z (1%
The steady flow velocity is given by
v=-Vo (19)
where @ is the velocity potential, which obeys the Laplace equation
Vo =0 (20)



Since the flow is aligned with £, , Eqn. (20) reduces to

9

hhM)=0 21
E)53(12 ) (1)

Using Eqn. (21), Eqn. (17) results in the parabolic approximation

al// h3lk + h3 V2 + 1 a (hlhz)//+ (22)

e, 1+m” "2 Y Tonn e

2.2 Impedance Boundary Condition

The transverse boundary conditions of the duct are assumed to be locally reacting impedance surfaces,
which are out of the flow and are written as

+ LV ays (23)

where Y, is the acoustic velocity potential below an infinitely thin boundary layer, and A is the specific
admittance. The negative sign corresponds to & i = 0 and the positive sign corresponds to & j=m forj=

1 and 2. The acoustic pressure and the normal acoustic particle displacement are continuous across the
infinitely thin boundary layer and are written as

Dy" = Wy (24)
ot
and
+ -1 +
D’ oy _ i IV, (25)
d¢; ot ) dS;

By using the acoustic time dependence as ¢~ and eliminating ¥, , the impedance boundary conditions

can be written as

oyt _. . M 0 .M 0 | .,
—gik| i+ L O | poal—ie L9 2%
9, ’[ ", 08, | { ", aéj"’ ] o

The presence of the derivatives with respect to &, is numerically awkward. In order to simplify the

boundary conditions, the first term in the parabolic equation, Eqn. (22), is used for the derivatives of



acoustic potential and the derivatives of Mach number are neglected which results in the approximation

oy h; _1 M 0A

= +ikA
o9&, (1+M)2W h 1+ M ag3w

27)

2.3 Marching Method

The parabolic approximation, Eqn. (22), is a system of ordinary differential equations, and can be
solved with a marching method that progressively advances the solution in &,. The classical 4" order

Runge-Kutta method is used for its accuracy and ease of implementation. The initial acoustic velocity
potential that describes the noise source at the entrance of the duct must be specified. Note that this noise
source description is only rarely known and thus approximations must be used such as a planewave
source, gaussian distribution, or a series of acoustic duct modes.

The transverse derivatives in Eqn. (22) are evaluated by a pseudospectral approach. This method
models the values of " at the grid points by a series of sine and cosine functions. The derivatives are

determined from the model. Let & and &, be discretized on a uniformly spaced grid from 0 to 7. The

model for ™ in the & direction can be written as

N,-1
y* = A sin(§ )+ 4, sin2€, )+ Y B, cos(l,&)) (28)

1,=0

where A, A,, and B, are the model coefficients, and N, is the maximum grid index number in the &

direction. The boundary conditions from Eqn. (27) are used to evaluate the A, and A, coefficients and a
fast Fourier transform method is used to evaluate the B I coefficients. Once the model coefficients are

determined, the derivatives are calculated from

o N1 ‘
alg - Al Cos(él )+ 2A2 COS(2§1 )_ leBh Sln([lél) (29
. 1,=0
and
821//+ ] . Ml 5
852 =—A sm(él)— 44, sm(2§1)— 211 Bh COS(Ilél) (30)
; 1,=0

The same procedure is used to evaluate the derivatives in the &, direction. Once these transverse

derivatives are determined, the right-hand-side of Eqn. (22) is complete, and the solution can be marched
forward.

It is noted that the parabolic approximation in Eqn. (22) is accurate for waves propagating at small
angles to the &, direction [5]. In an acoustically treated duct, this small angle limitation should not be

very important since larger angle waves are more easily absorbed by the acoustic lining. Numerical
damping in the current parabolic method approximates large angle modes that have decaying solutions for



the full wave equation [5]. The performance of the duct and acoustic treatment is characterized by the
acoustic power at each solution plane. The acoustic power, W, can be computed by integrating the
intensity

W = [[1,hh,dE dg, 31

where the intensity expression, /,, is

1= =y vwrvr iyt iy B v sy —vys) o)

and

1oy”
h; 0¢,

v = (33)

The superscript asterisk indicates a complex conjugate. This intensity expression can be derived from a
formula from Reference 8.



2.0 CDUCT Prediction Validation

The CDUCT code is validated with both analytical solutions and experimental data. For the analytical
validation, a rigid wall rectangular duct with an acoustic source and uniform flow is modeled with
CDUCT. The CDUCT solution is compared with the exact modal solution of the convected one-way
Helmbholtz equation for the duct. In general, the CDUCT results are very accurate for this analytical test
case. For the experimental validation, three different test facilities are modeled with CDUCT. The first
facility is the NASA Langley Grazing Flow Impedance Tube [9]. This facility has a rectangular test
section and provides a controlled flow and acoustic environment over an acoustic lining test specimen.
Only the lowest order planewave mode propagates at the frequencies of interest. The CDUCT results are
compared to the measured acoustic field, which is sampled at several points along a duct wall for various
flow and acoustic environments. The second and third facilities are a rectangular flow duct studied in
Reference 10 and an annular flow duct studied in Reference 11, respectively. For these flow ducts, the
CDUCT results are compared to the measured in-duct attenuation for a given acoustic source, lining
impedance, and flow. In general, the comparison between CDUCT solutions and experimental data show
very favorable results.

3.1 Rigid Wall Rectangular Duct

CDUCT is validated with the analytical solution for a rigid wall rectangular duct with uniform flow.
For a rectangular duct with uniform flow in the positive z direction, the convected Helmholtz equation
can be written as

¢
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where simple harmonic waves of the form e~ are assumed, o is the angular frequency, t is time, i is the

imaginary number, (X,y,z) are the coordinate axes, ¢ is the acoustic potential, k is the wavenumber, f is
the frequency, c is the speed of sound, and M is the uniform Mach number in the z direction. The
geometry is shown in Figure 2. The boundary conditions for rigid walls are

a—‘/’(xzo,w)zo (35)
ox
and

a—‘/’(yzo,h)zo (36)
ay

where w and h are duct dimensions defined in Figure 2. Using the method of separation of variables, the
solution to Eqn. (34) can be written as

o(x,y,2)= ZZA cos—cos%e 37

m=0 n=0

where m and n are mode integers in the x and y directions respectively, A are mode constants,



and &, is

= 38
‘ 1-M* (38)

Note that when the term under the radical in Eqn. (38) becomes negative, the duct mode decays
exponentially (the mode is cut-off). By assuming the acoustic source is a single duct mode of the form

X
(/)(x,y,z =O)=cosm7003% 39)
the solution, Eqn. (37), can be written as
X .
o(x,y,2)= Cos%cos@e’” (40)

A duct of dimensions one meter in width and height and two meters in length is used as the validation
case (w=1m, h=1m, L=2m). The speed of sound is assumed to be c=340.3 m/s. In order to simulate a
hardwall boundary condition in CDUCT, a specific resistance equal to 1000 and zero specific reactance
are specified at the wall boundaries. A uniform rectangular computational grid of size 21 X 21 X 41 is
used for the CDUCT calculation. For a direct comparison, the analytical solution is computed on the
same grid points.

With no flow (M=0.0), the real part of the acoustic potential from the CDUCT model and the
analytical solution is shown in Figures 3 and 4 for a 500Hz and a 8000Hz planewave source (m=0, n=0),
respectively. The plotted data is extracted from the line along the center of the duct. Note that the
CDUCT and the analytical solutions are identical. With flow (M=0.8), the solutions are compared in
Figures 5 and 6 for a 500Hz and an 8000Hz planewave source, respectively. Once again, the solutions
are identical.

The solutions for higher order source duct modes (m,n)=(1,0), (2,0), (3,0) are shown in Figures 7, 8,
and 9, respectively for a no flow case and a frequency of 500Hz. The data in Figure 7 and Figure 9 is
extracted from a line which is parallel to the z direction and starts at the point (x=0.25m, y=0.25m). The
data in Figure 8 is extracted from the line along the center of the duct. The results for the first higher
order mode (Figure 7) show very little differences. However, the results for the second higher order
mode (Figure 8) show a phase error. For the third higher order mode (Figure 9), the exact solution decays
exponentially while the CDUCT solution is damped but still propagates. These results can be explained
by the limitations in the parabolic approximation in CDUCT [5]. The parabolic approximation is good
for waves propagating at small angles to the main axis. At larger angles, the approximation has an
incorrect phase velocity. At cut-off, the parabolic method will still produce a propagating wave that
requires numerical damping to minimize its impact on the solution. In general, the CDUCT code gives
good results for this analytical test case subject to the limitations in the parabolic approximation.

3.2 NASA Langley Grazing Flow Impedance Tube

CDUCT is validated with experimental data from the NASA Langley Grazing Flow Impedance Tube.



The NASA Langley Grazing Flow Impedance Tube is used to evaluate acoustic liner specimens in a
controlled flow and acoustic environment [9]. The test section has a 50.8 X 50.8 mm cross-section with a
test specimen length of 406.4mm. The Mach number can reach 0.6 and the useful frequency range is 0.3
to 3.0 kHz. The sound pressure level can reach 155dB at the test specimen leading edge. Two flush
mounted microphones are used to acquire acoustic data in the test section. One microphone is located on
a side wall at the leading edge of the test specimen while the other microphone is mounted on a traversing
bar at the top of the test section. At each traversing microphone location, the complex acoustic pressure,
sound pressure level, and phase can be determined relative to the fixed microphone. A sketch of the test
section is shown in Figure 10. The facility is designed to operate below the cut-on frequency of any
higher order modes. Note that high-order mode effects are unavoidable near the acoustic liner specimen.

Experimental data from a hardwall insert and a ceramic tubular liner (CT65) are used for this
validation case. The speed of sound is assumed to be 340.3m/s. The frequency range is 0.5 to 3.0 kHz
with 0.5kHz increments. The Mach number is assumed to be uniform throughout the duct. The test
section in Figure 10 is discretized into a uniformly spaced three-dimensional grid of size 11 X 11 X 129.
The initial acoustic source at z=0 is a planewave with the amplitude set to the value measured at the first
traversing microphone location.

The hardwall insert provides an infinite impedance condition. This is useful in examining the baseline
flow and acoustic response of the facility. In order to simulate a hardwall boundary condition in CDUCT,
a specific resistance equal to 1000 and zero specific reactance are specified at the wall boundaries. For no
flow (M=0.0), the sound pressure level from CDUCT is compared to the experimental data in Figure 11.
The real and imaginary parts of the acoustic pressure are shown in Figure 12. The CDUCT results are
very close to the experimental data. It is observed that the facility does not have a perfectly anechoic
termination and therefore acoustic waves are reflected upstream. This is illustrated by the small
oscillations in the sound pressure level. The CDUCT parabolic approximation does not account for these
reflected waves. For a flow of M=0.3, the sound pressure level from CDUCT is compared to the
experimental data in Figure 13. The real and imaginary parts of the acoustic pressure are shown in Figure
14. The CDUCT results are close to the experimental data. The main difference in the sound pressure
level is the oscillations in the experimental data. These oscillations are larger than the oscillations in the
no flow case. A small phase error is also observed in the real and imaginary acoustic pressure plots. The
main sources of these errors are the acoustic waves that are propagating in the upstream direction and the
assumption of uniform flow in the duct.

The impedance of the ceramic tubular liner (CT65) is fairly insensitive to the flow Mach number and
sound pressure levels. This allows the use of a single baseline impedance for the entire flow range. This
baseline impedance was obtained from a conventional normal incidence impedance tube and is listed in
Table 1. For no flow (M=0.0), the sound pressure level from CDUCT and the experimental data are

Table 1. Baseline Impedance of Ceramic Tubular Liner (CT65)

Frequency | Specific Resistance | Specific Reactance
500 0.466 -1.411
1000 0.546 0.084
1500 1.449 1.168
2000 3.294 -0.455
2500 1.224 -1.145
3000 0.764 -0.154
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shown in Figure 15. The real and imaginary parts of the acoustic pressure are shown in Figure 16. The
CDUCT results have the correct trends and are close to the experimental data except at the lowest
frequency (500Hz). The ceramic liner scatters the planewave mode into higher order modes. These
higher order modes are cut-off, which results in phase errors in the CDUCT parabolic approximation. For
a flow of M=0.3, the sound pressure level from CDUCT and the experimental data are shown in Figure
17. The real and imaginary parts of the acoustic pressure are shown in Figure 18. The CDUCT results
compare favorably with the experimental data except at the lowest frequency (500Hz). The main sources
of error are the higher order mode effects near the liner, acoustic waves propagating in the upstream
direction, and the uniform Mach number assumption.

3.3 Rectangular Flow Duct

In the mid 1970’s, Kraft et. al [10] studied two-element acoustic liners in a rectangular flow duct.
CDUCT is used to model this flow duct, and the calculated power level attenuations are compared to the
measured values. A schematic of the duct is shown in Figure 19. A unique feature of the experimental
study was the measurement of the acoustic source pressure profile. This was accomplished with the use
of a traversing microphone and a stationary microphone which obtained both the source pressure
amplitude and phase information. In an attempt to design optimized two-element acoustic liners, Kraft et.
al used the initial measurement of the source characteristics as input into a prediction and design code to
come up with an optimized acoustic lining at a single frequency. The performance of the liner did not
meet their predicted attenuation levels and it was discovered that backwards traveling waves were
affecting the source modal content. This was evident since when the acoustic lining was changed, the
source modal content changed as well. Note that CDUCT does not account for the backwards traveling
wave and therefore the comparison of the power attenuations will not be very accurate. The trends
exhibited for the different acoustic lining configurations does provide interesting information.

Five different configurations of acoustic lining are given in Table 2. The source complex pressure

Table 2. Configuration Lining Impedance

Configuration Section 1 Section 2
1 0.90-1.41 0.90-1.7i
2 0.64-1.151 | 0.75-0.55i
3 0.75-0.551 | 0.64-1.15i
4 0.43-1.3i 0.64-0.61
5 0.75-1.2i 0.90-0.551

profile for each lining configuration was scanned and digitized from Reference 10 for input into the
CDUCT simulation. A uniform rectangular grid of size 9 X 22 X 97 in the x, y, and z directions,
respectively, is used for the CDUCT simulation. The mean flow Mach number is given as (0.3. Table 3
shows the comparison of the CDUCT results with the measured power attenuations for the five
configurations. In general the CDUCT results are good. It is interesting to note that the only difference
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Table 3. Comparison of Power Attenuations

Configuration | Frequency (Hz) | CDUCT (dB) | Measured (dB)
1 2000 15.4 21.5
2 1950 17.5 20.0
3 1950 12.2 11.0
4 1940 18.5 16.5
5 1900 30.7 26.1

between Configuration 2 and 3 is that the positions of the liners are switched. This results in a measured
decrease in attenuation for Configuration 3, which is predicted with CDUCT. The main sources of error
are the uncertainty in the impedance values of the liners, the uncertainty in the acoustic source amplitude
and phase, and the existence of backwards traveling waves in the experiment.

3.4 Annular Flow Duct

Syed et. al [11] studied an acoustically treated straight annular exhaust duct with a realistic fan stage
as the flow and acoustic source. The number of outlet guide vanes was chosen to generate strong
rotor/stator interaction tones. The modal coefficients upstream and downstream of the treated section
were measured with specially designed mode probes. A schematic of the treated section is shown in
Figure 20. The axisymmetric option in CDUCT is used to model the annular flow duct. A computational
grid of size 21 X 117 in the R and X directions, respectively, is used for the CDUCT simulation. The
impedance, frequency, and flow are given in Table 4. For the CDUCT prediction, specified spinning

Table 4. Annular Duct Experimental Parameters

Frequency (Hz) | Specific Resistance | Specific Reactance | Mach
1000 0.51 -1.82 0.21
1500 0.51 -1.00 0.32
1900 0.51 -0.55 0.40

modes and cut-on radial modes are used with an equal energy per mode assumption. The power
attenuations are compared with the measured values in Table 5. The calculated attenuations match very

Table 5. Comparison of Power Attenuations for a Given Mode

Frequency (Hz) | Spinning Mode | Radial Mode | CDUCT (dB) | Measured (dB)
1000 -1 1 2.32 2.18
1500 -1 1,2 8.19 3.72
1900 -1 1,2 17.17 16.83
1900 7 1 23.71 22.59

closely to the measured values at 1000Hz and 1900Hz. However, the comparison at 1500Hz is not good.
Errors from the source modal content and equal energy per mode assumption could explain the
differences. Another possible source of error is the specified impedance values.
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3.5 Prediction Validation Conclusions

The CDUCT code is successfully validated against both analytical and experimental results. CDUCT
is accurate for duct acoustic propagation problems with acoustic treatment, flow, and different acoustic
sources subject to the limitations in the CDUCT parabolic approximation method. The main limitation to
the accuracy is that waves propagating at large angles with respect to the main axis have a phase error.
Cut-off modes are damped numerically though they may still introduce some error to the solution.
Another limitation to CDUCT is that it approximates a one-way convected Helmholtz equation and
ignores backwards traveling waves.
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3.0 Acoustic Lining

Noise radiation from the aft fan duct of a high bypass ratio turbofan engine accounts for a large
portion of the community noise generated by commercial transport aircraft. One of the most important
techniques for controlling aft fan noise is the use of acoustic lining along the walls of the duct. This
acoustic lining can be described in terms of a complex impedance as a function of frequency and position
along the duct wall. The CDUCT code can optimize the wall impedance to maximize the acoustic
attenuation at all frequencies of interest. Note that the optimized impedance is not obtainable at all
frequencies with the typical acoustic lining which is based on an array of Helmholtz resonators in a single
or double layer arrangement. Nevertheless, the optimized impedance can be a useful guide in the detailed
design of the acoustic lining.

4.1 Optimized Impedance

The objective is to maximize the noise power attenuation for a given frequency, duct geometry, flow,
and noise source by optimizing the wall lining impedance. The aft fan duct geometry for a typical
modern high bypass ratio engine is similar to Figure 21. For this analysis, the initial Mach number is
assumed to be 0.4 and is allowed to vary according to the one-dimensional compressible flow Mach-area
relationship. The noise source is assumed to be a planewave. In order to reduce complexity, the
geometry is assumed to be axisymmetric. A computational grid of size 28 X 162 is used for the
optimization calculations and is shown in Figure 22. A minimum value of 0.2 for the specific resistance
is used for numerical stability. The Downhill Simplex method [12] is used to determine the optimum
impedance for the uniform case (one-zone) where the inner and outer wall impedances are identical. This
optimization method only requires function evaluations (no gradient information) and is easily
implemented. The major drawback to this method is that it is susceptible to finding local optima since it
is classified as a “hill-climbing” technique. The optimum attenuations and impedances are shown in
Figures 23 and 24 and the values are listed in Table 6. Note that the impedance values are given in

Table 6. Optimized Uniform Impedance

Band | Frequency (Hz) | Attenuation (dB) | Specific Resistance | Specific Reactance
27 500 83.06 0.214 -0.338
28 630 62.63 0.364 -0.383
29 800 35.37 0.396 -0.338
30 1000 29.26 0.513 -0.452
31 1250 22.88 0.678 -0.629
32 1600 17.16 0.855 -0.902
33 2000 12.53 1.079 -1.133
34 2500 9.45 1.305 -1.116
35 3150 8.03 1.596 -1.099
36 4000 7.07 1.685 -0.806
37 5000 6.60 1.778 -0.899
38 6300 5.92 1.938 -0.942
39 8000 5.38 1.881 -0.968
40 10000 4.33 2.094 -0.992

terms of specific resistance and specific reactance, which form an ordered pair in the complex impedance
plane. Since this uniform optimization case has two parameters (specific resistance and specific
reactance), the attenuation contours can be plotted and are shown in Figure 25 for several frequencies. It
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is observed that there exists only one optimum point for each frequency, which lends confidence that the
Downhill Simplex method is sufficient. This was also observed by Dunn et. al [13] for a cylindrical duct
geometry. It is also noted that at lower frequencies, the attenuation drops off rapidly as the impedance
differs from the optimum impedance while at higher frequencies, the attenuation drops off slowly.
Furthermore, it is observed that the attenuation contours are nearly symmetric about the optimum
reactance but are asymmetric with respect to the optimum resistance. The attenuation decreases rapidly if
the resistance is less than the optimum resistance. If the resistance is greater than the optimum resistance,
the attenuation decreases at a slower rate.

The acoustic lining envelope is segmented into two, four, and eight-zone cases and are shown in
Figure 26. For a multiple zone lining configuration, a good starting point is needed for the optimizer to
be successful. Since the optimum uniform impedance distribution is a basic subset of any multiple zone
lining configuration, it is chosen as the starting point for the optimizer. The optimum attenuations are
shown in Figure 27 and the optimized impedances are listed in Appendix A. The optimized attenuation
increases as the number of impedance zones increases. The attenuation increase for the two-zone case
over the one-zone case is not large at higher frequencies. However, the improvement for the four-zone
case over the two-zone case is significant over many frequencies, which suggests that there is a large
potential benefit in an optimized axially segmented acoustic lining. In general, the attenuation
improvement for the eight-zone case over the four-zone case is large. It is observed that the lower limit
on specific resistance is reached for many frequencies in the four and eight-zone cases, which could limit
the maximum obtainable attenuation. Furthermore, it is likely that locally optimum points exist for the
eight-zone case. It is interesting to note that on the outer wall, the optimized impedance for a wide range
of frequencies is a low resistance but reactive liner. This has been described by Hogeboom et. al [14] as a
noise scattering lining since the low resistance results in a small dissipation of noise but the reactive
portion of the impedance can still interact with the noise. This interaction can change the modal structure
of the noise to result in more effective downstream lining. Note that it is unlikely that a passive acoustic
liner can be manufactured that achieves the optimized multi-zone impedances over a wide range of
frequencies.

4.2 Lining Design

The objective of the acoustic lining design is to obtain sufficient noise attenuation over a frequency
range that is important for the overall aircraft noise signature. The lining design must account for many
constraints such as maximum lining depth, maximum lining area, structural strength, cost, and
maintenance requirements. These constraints often limit the amount of noise attenuation that can be
achieved. Furthermore, it is noted that the optimized impedances are not physically obtainable for a wide
range of frequencies at the same time with the typical acoustic lining design.

An example aft fan duct is shown in Figure 28 where the acoustic lining areas are labeled. It is
observed that the example lining can be considered to have four zones. The typical Boeing acoustic liner
consists of a double layer liner with a perforated facesheet and a buried septum. The parameters to be
specified by the lining design are the percent open area of the facesheet and septum, and the two cavity
depths. A Boeing proprietary acoustic lining model was coupled to the CDUCT code in such a way that
the lining parameters are evaluated which results in impedance which is then evaluated to result in
attenuation. This process is repeated for all frequencies of interest.

The CDUCT code requires that the noise source be specified in terms of acoustic potential at the inlet

of the duct. Since this data is seldom known, a noise source must be assumed for the lining design
process. For the geometry discussed in Section 4.1 (Figure 21), a SkHz noise source which is described
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by a gaussian distribution was evaluated at different radial positions in the duct with a wall impedance of
1.0-1.0i. The results for three different source widths are shown in Figure 29. It is observed that for a
source near the outer wall of the duct, the attenuation is at a minimum. The flow and geometry of the
duct allow a source near the outer wall to have fewer interactions with the acoustic lining. Essentially,
using a line-of-sight argument, the noise beams directly out of the duct. This tip noise source which
represents a least attenuated source is used in the example lining designs. It is interesting to note that in a
fan rig study, Morin [15] shows that broadband noise from a rotor/stator interaction is typically
dominated by a noise source from the tip region.

The tone corrected perceived noise level (PNLT) metric is used to evaluate the lining design. The
effective perceived noise level (EPNL) metric is not used since the CDUCT code in its present form only
predicts in-duct power attenuations and does not accurately describe the noise radiated to the farfield from

the aft fan duct. Experience shows that at the maximum PNLT angle (typically 120° or 130%) the
attenuation provided from in-duct power attenuations are applicable and the PNLT attenuation gives a
good estimate of the overall lining benefit.

For the example aft fan duct in Figure 28, a computational grid of size 28 X 162 was generated. To
reduce complexity, the axisymmetric case is analyzed. The initial Mach number is 0.463. A gaussian tip
source shown in Figure 30 is used for the analysis. Figure 31 shows the hardwall and baseline treated aft
fan spectra at the maximum PNLT angle for a typical narrow-chord turbofan engine. The CDUCT code
was used to evaluate the baseline lining, which results in the attenuation shown in Figure 32. The
attenuation calculated with the gaussian tip source does not perfectly match the attenuation calculated
from the difference between the measured hardwall and treated spectra. This indicates that the assumed
gaussian tip source does not describe the true noise source. However, the gaussian tip source is intended
to represent a least attenuated source that should be applicable in designing the acoustic lining. In order
to evaluate the various lining designs which were designed using the gaussian tip source, differences in
attenuations relative to the calculated baseline attenuation (Figure 32) are applied to the baseline treated
spectrum (Figure 31). A six- zone lining is created by dividing the inner wall of the example aft fan duct
into three sections and by keeping the three outer wall sections the same. The double layer lining
parameters were allowed to vary to optimize the attenuation at the blade passage frequency (BPF), Band
33, while maintaining a certain level of attenuation at higher frequencies. Figure 33 shows the
attenuation spectrum for the six-zone lining where the baseline attenuation is shown for reference. Note
that at the BPF and 2BPF, the optimized attenuation is greater than that from the baseline lining. At
higher frequencies, the attenuation is very close to the baseline. The resulting PNLT benefit relative to
the baseline is a 33.7% increase in attenuation. The acoustic pressure contours and axial acoustic
intensity for a frequency of 2kHz are shown in Figure 34(a,b,c,d) for the baseline and six-zone designs. It
is observed that the six-zone design scatters a large portion of the noise into the inner wall, while the
other portion remains close to the outer wall. Essentially, the noise is conditioned such that it is more
effectively absorbed by the downstream acoustic lining. This differs from the conventional lining design
philosophy of maximizing the attenuation of the noise in each lining segment. Furthermore, the inner
wall of the six-zone design has very little reflection while the baseline design reflects a portion of the
noise.

A highly curved geometry is shown in Figure 35. For this geometry, if flow convection effects are
ignored, a tip noise source will not have a direct line-of-sight to the duct exit. The baseline lining is
evaluated for this geometry where the effective lining length-to-height ratio is set equal to that for the
conventional geometry. The attenuation spectrum is shown in Figure 36 where the predicted attenuation
from the baseline conventional geometry is included for reference. With equivalent linings and noise
sources, the highly curved geometry results in more attenuation at higher frequencies compared to the
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conventional geometry. It is noted that the initial and final Mach numbers are the same for the two
geometries, but the Mach number throughout the ducts are different. The PNLT benefit for the highly
curved duct is 7.9%. For a six-zone lining design, the attenuation spectrum is shown in Figure 37 where
the attenuation from the baseline conventional geometry is shown for reference. The attenuation at BPF
is much greater for the six-zone design in the highly curved geometry than for the baseline lining in the
conventional geometry. The attenuations at higher frequencies are also greater for the highly curved
geometry. The PNLT benefit for the six-zone design is 69.2% and all of the attenuation results are
summarized in Table 7. The acoustic pressure contours and axial acoustic intensity for a frequency of
2kHz is shown in

Table 7. Summary of PNLT Attenuation Results

Configuration PNLT (dB) | APNLT (dB) | % Benefit re. Baseline
Hardwall Conventional Duct 102.10 NA NA
Baseline Treated Conventional Duct 94.14 7.96 NA
6-Zone Optimized Conventional Duct 91.46 10.64 33.7%
Baseline Treated Highly Curved Duct 93.51 8.59 7.9%
6-Zone Optimized Highly Curved Duct 88.63 13.47 69.2%

Figure 38(a,b,c,d) for the highly curved geometry with baseline and six-zone designs. The source
scattering effect for the six- zone design is observed. The noise incidence angle on the inner wall lining
near the hump is large due to the high curvature which allows the lining to absorb a large portion of the
noise when the lining parameters in that section are designed correctly. It is noted that while the potential
noise benefits are large for a highly curved geometry, the flow losses could be prohibitive.

4.3 Acoustic Lining Conclusions

The CDUCT code is capable of optimizing the wall lining impedances in the aft fan duct of a turbofan
engine. Calculations indicate that there is a large potential increase in noise attenuation for an axially
segmented lining; however, the optimized impedances are not obtainable by current passive lining
designs for the entire important frequency range. Compromises must be made in designing the acoustic
lining parameters such that constraints are met and good but not necessarily optimum attenuations are
obtained in the important frequency range. For a narrow-chord aft fan spectrum in a conventional
geometry, a six-zone lining was designed which produced a significant increase in PNLT attenuation.
This design had a large increase in attenuation at BPF while slightly degrading the attenuation at higher
frequencies. A highly curved geometry was also analyzed. An attenuation benefit occurred at
frequencies higher than BPF for the baseline lining design. For a six-zone lining design, the highly
curved geometry produced a large increase in BPF attenuation without degrading the attenuations at
higher frequencies. The highly curved geometry produced a significant increase in PNLT attenuation;
however, the flow losses could be prohibitive. The six-zone designs for both conventional and highly
curved geometries utilized noise scattering lining that enabled the downstream lining to be more effective.
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4.0 ICD Array Mode Measurement

A unique application for the CDUCT code is the inflow control device (ICD) microphone array. An
ICD is typically used during static noise testing of model fan rigs or full scale turbofan engines. Its
purpose is to prevent large-scale turbulence and ground vortices from being ingested into the engine and
interacting with the rotor, which causes extraneous tone noise. A typical ICD has a spherical-like shape
with a large honeycomb cell structure that is acoustically transparent. The microphone array is used to
measure the amplitude and phase of the engine noise signature at known locations on the ICD structure.
The CDUCT code is used to propagate a series of cut-on acoustic modes from a location in the inlet to the
ICD microphone array to form a set of basis functions. Once the CDUCT basis functions are calculated,
the microphone array data can be processed to determine the acoustic modal structure of the fan noise.
This concept was tested in the NASA Glenn Active Noise Control Fan (ANCF) Facility.

5.1 NASA Glenn Active Noise Control Fan

The ANCF consists of a low speed, large diameter, ducted fan that is used to investigate both active
noise control concepts and general fan aeroacoustics [16,17]. A schematic of the facility is shown in
Figure 39. The inlet duct has a constant four-foot diameter and surrounds a rotor consisting of 16
composite blades. Two unique features include an externally supported duct such that the rotor noise can
be evaluated without interactions from vanes or struts and the rotating rake mode measurement system.
This mode measurement system characterizes the modal structure at the BPF and harmonics, and details
of its operation can be found in References 16 and 17. The ICD array results can be directly compared
with the rotating rake results.

5.2 ICD Microphone Array and Data Processing

The ICD microphone array used 40 Knowles cylindrical type microphones arranged in 4 rings with 10
non-uniformly spaced microphones in each ring. The locations are listed in Appendix B. The
microphone data is synchronized with the shaft angular position. The CDUCT code is used to predict the
complex acoustic pressures at the microphone locations for each cut-on acoustic mode. A computational
grid of size 35 X 61 X 169 (radial, circumferential, axial) is used for the BPF calculations (Figure 40) and
a grid of size 40 X 61 X 169 is used for the 2BPF calculations. Note that the CDUCT code must have
both inner and outer wall boundaries due to the code’s treatment of boundary conditions, which results in
a three-inch fake centerbody. A hardwall extension is used to connect the inlet to the ICD. The specific
resistance of the inner and outer walls is set equal to 1000 and the specific reactance is set to zero in order
to simulate the hardwall boundary condition. An example CDUCT solution for the (-4,0) mode at 2BPF
is shown in Figure 41. The complex acoustic pressure at the microphone locations is interpolated from
the solution at the grid points. The synchronized microphone data is processed by first taking many
averages over the shaft angular position and then taking the Fourier transform of the averaged data to

obtain the complex acoustic pressure at BPF and 2BPF for each microphone. Due to the e
dependence in CDUCT, the negative frequencies are used in the Fourier transform analysis.

The complex acoustic pressures from the CDUCT solutions can be written as a matrix, Q, whose rows

indicate the acoustic mode and the columns indicate microphone number. The analyzed data from the
microphones can be written as a vector, G. In a beamforming operation

BF =Q°G (41)
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where BF is a vector and represents the estimate of power for each mode.
5.3 Comparison of Test Results

For the current test, 30 stators were used along with 10 or 15 uniformly spaced cylindrical rods, which
were placed in front of the 16-blade rotor. The cylindrical rods generate a periodic disturbance that
interacts with the rotor to generate spinning modes. Another source for spinning modes is the rotor/stator
interaction. The paper by Tyler and Sofrin [18] describes the theory of spinning mode generation from
periodic disturbances relative to the rotor. The governing equation is

m=nBxkV k=012,.. (42)

where m is the spinning mode order, n is the harmonic index, B is the number of rotor blades, k is an
integer, and V is the number of stators or rods. At a corrected shaft speed of 2200 RPM, the expected
spinning and radial modes are listed in Table 8. The Mach number in the duct is given as 0.09. Note that

Table 8. Expected Modes in ANCF at 2200 CRPM

Configuration BPF 2BPF
10 rods, 30 stators | (-4,0) | (2,0), (2,1), (2,2), (2,3), (-8,0)
15 rods, 30 stators (1,0) 2,0), 2,1, (2,2), (2,3)

the listed expected modes are limited to only cut-on modes. Figures 42 and 43 show the comparisons
between the ICD array and the rotating rake for BPF and 2BPF, respectively, for the 10-rod configuration
at 2200 CRPM. Figures 44 and 45 show the comparisons for BPF and 2BPF, respectively, for the 15-rod
configuration. It is observed that the ICD array finds the expected modes listed in Table 8 and matches
the rotating rake results. The rotating rake measurement has a much better signal-to-noise ratio (SNR)
than the ICD array. Some improvement in SNR can be obtained with additional microphones in the ICD
array. Several factors affect the accuracy of the ICD array such as the overall layout of the microphones,
the CDUCT propagation accuracy, the accuracy of the microphone position information, and the
microphone phase accuracy. The calculated radial modes do not match well. In order to improve the
radial mode separation, the radius of the fake centerbody could be decreased or the microphone array
design could be improved to better resolve the radial modes. One advantage with the ICD array over the
rotating rake is the possibility of resolving the acoustic modes for broadband noise. Another advantage is
that the ICD array is less intrusive. In general, the ICD array performs well in characterizing the acoustic
modal structure of the NASA Glenn ANCEF.
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5.0 Conclusions and Recommendations

The CDUCT parabolic approximation can efficiently model the acoustic propagation in an aft fan
duct. The code can account for three-dimensional effects, lining, and flow. The solution method has
been validated with both analytical solutions and experimental data to establish its accuracy and explore
its strengths and limitations. Studies of wall lining impedance optimization indicate a large potential
benefit for an axially segmented lining. The optimum impedance studies also indicate the importance of a
noise scattering lining segment that increases the effectiveness of the downstream lining. It is noted that
the optimized impedance can not be obtained at all frequencies with a current passive acoustic lining. A
six-zone acoustic lining was designed for a typical turbofan engine geometry with a narrow-chord fan
spectrum that produced a significant increase in PNLT attenuation. A highly curved geometry aft fan
duct was also studied which resulted in significant increases in PNLT attenuation for a baseline and six-
zone lining design. The highly curved geometry has a greater potential for noise attenuation than a
conventional geometry because of a line-of-sight argument and the potential for a larger wave incidence
angle on the wall lining. It is noted that the flow losses due to the highly curved geometry could be
prohibitive. In an interesting application for the CDUCT code, an ICD mode measurement system was
tested and validated against the rotating rake mode measurement system at the NASA Glenn ANCF.

It is recommended that the CDUCT lining designs be experimentally validated. The noise scattering
lining must be examined further in order to exploit its capabilities. A very important assumption is made
for the noise source used for the various lining designs. While there is reasonable evidence that a noise
source near the outer wall can be used to design the acoustic lining, more noise source studies must be
made both analytically and experimentally to characterize the fan noise. While the circumferential
distribution of fan noise has been studied, more emphasis is needed to characterize the source in the radial
direction for both tone and broadband noise. It is recommended that more code validation studies be
performed on model scale or full-scale turbofan engines and other experimental facilities. It would be
interesting to directly compare CDUCT results with finite element or computational aeroacoustics codes.
Improvements to the code such as better flow modeling, boundary layer effects, a wider angle parabolic
approximation, farfield radiation, or modeling the effect of reflections should be explored. The ability to
analyze different geometries such as one with a fan duct splitter should also be added. Finally, the ICD
mode measurement system and similar phased arrays that utilize the CDUCT acoustic duct propagation
capabilities should be investigated further, especially in regards to broadband noise.
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Appendix A Optimum Specific Impedances for 2, 4, and 8-Zone Cases

Two-Zone

Frequency (Hz) R1 X1 R2 X2

500 0.213 | -0.332 | 0.216 | -0.345

630 0.295 | -0.410 | 0441 | -0.338

800 0.383 | -0.198 | 0471 | -0.576

1000 0.527 | -0.322 | 0.510 | -0.701

1250 0.721 | -0.533 | 0.590 | -0.827

1600 0916 | -0.894 | 0.732 | -0.943

2000 1.181 | -1.168 | 0.886 | -1.051

2500 1.577 | -0.923 | 0.586 | -1.255

3150 1.851 | -0.866 | 0.443 | -1.443

4000 1.916 | -0.575 | 0.200 | -1.212

5000 2.077 | -0.551 | 0.200 | -1.335

6300 2.163 | -0.531 | 0.202 | -1.480

3000 2.153 | -0.567 | 0.237 | -1.706

10000 2.254 | -0.572 | 0.277 | -1.936

4-Zone

Frequency (Hz) R1 X1 R2 X2 R3 X3 R4 X4
500 0.211 | -0.402 | 0.255 | -0.239 | 0.200 | -0.401 | 0.258 | -0.287
630 0.299 | -0.409 | 0.289 | -0.367 | 0471 | -0.313 | 0.410 | -0.328
800 0481 | -0.499 | 0.243 | -0.192 | 0.525 | -0.658 | 0.333 [ -0.280
1000 0.547 | -0.753 | 0.285 | -0.162 | 0451 | -0.918 | 0.413 [ -0.220
1250 0.575 | -1.061 | 0.202 | -0.095 | 0.200 | -1.095 | 0.397 [ -0.180
1600 1.288 | -2.212 | 0.345 | -0.467 | 0.200 | -0.946 | 0.442 | -0.049
2000 1.006 | -3.068 | 0.427 | -0.529 | 0.200 | -1.088 | 0.606 | -0.111
2500 1.450 | -4.845 | 0.547 | -0.639 | 0.200 | -1.238 | 0.754 | -0.044
3150 9.880 | -9.271 | 0.667 | -0.812 | 0.200 | -1.398 | 0.799 [ -0.046
4000 1736 | 6.795 | 0.705 | -1.073 | 0.200 | -1.608 | 0.763 | 0.004
5000 2768 | 2288 | 0983 | -1.273 | 0.200 | -1.830 | 0.899 | -0.333
6300 3.140 | 0.948 1.321 | -1.333 | 0.200 | -2.139 [ 1.281 | -0.826
3000 2.264 | 0472 1.518 | -1.509 | 0.200 | -2.243 [ 1.942 | -1.132
10000 2.323 | 0.387 1.586 | -1.704 | 0.200 | -2.576 [ 2.010 | -0.906
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8-Zone

Frequency (Hz) R1 X1 R2 X2 R3 X3 R4 X4
500 0.211 | -0.402 | 0.211 | -0.402 | 0.255 | -0.239 | 0.255 | -0.239
630 0.297 | -0.506 | 0.298 | -0.344 | 0.241 | -0.407 | 0.304 [ -0.270
800 0.513 | -0.473 | 0476 | -0.515 | 0.245 | -0.204 | 0.245 [ -0.119
1000 0.506 | -0.780 | 0.614 | -0.733 | 0.262 | -0.166 | 0.248 [ -0.202
1250 0.635 | -1.061 | 0.622 | -1.025 | 0.215 | -0.178 | 0.216 [ -0.064
1600 0461 | -1.871 | 0.879 | -1.415 | 0.282 | -0.370 | 0.201 | -0.087
2000 0.227 | -1.838 | 5.271 | -2.410 | 0437 | -0.630 | 0.298 | -0.099
2500 10.000 | -7.435 | 0.200 | -3.143 | 0438 [ -0490 | 0.415 | -0.023
3150 9.999 | -1.126 | 9935 | 2.222 | 0.641 | -1.034 | 0.586 | -0.395
4000 0.236 | 2962 | 3.784 | 9.091 | 0.833 [ -1.280 | 0.384 [ -0.679
5000 0373 | 0.075 | 6.169 | 6982 | 1.168 | -1.879 | 0.436 | -0.765
6300 0.206 | -1.090 | 0.239 | 9.958 1.191 | -2.501 | 0.469 | -0.864
8000 0.215 | -1.579 | 7.517 | 2.823 1.257 | -2.866 | 0.577 | -0.995

10000 1.430 | -3.524 | 0.277 | 2.114 | 0.554 | -3.040 | 0.633 | -1.101

Frequency (Hz) R5 X5 R6 X6 R7 X7 RS X8
500 0.200 | -0.401 | 0.200 | -0.401 | 0.258 [ -0.287 | 0.258 | -0.287
630 0.353 | -0.447 | 0542 | -0.299 | 0416 | -0.280 | 0.320 [ -0.131
800 0.532 | -0.654 | 0541 | -0.688 | 0.300 | -0.293 | 0.370 [ -0.259
1000 0437 | -0.948 | 0422 | -0.923 | 0380 [ -0.206 | 0.368 [ -0.188
1250 0.202 | -1.095 | 0.203 | -1.095 | 0416 | -0.209 | 0.378 [ -0.140
1600 0.218 | -0.916 | 0.674 | -1.317 | 0.854 | -0.022 | 0.356 | -0.161
2000 0.788 | -0.782 | 0.249 | -1.534 | 2.657 1.654 | 0.322 | -0.280
2500 0.200 | -0.880 | 1.278 | -3.907 | 9.198 | -0.933 | 0.537 | -0.324
3150 0.200 | -1.353 | 0.200 | -1.789 | 9.170 | -8.151 | 0.588 | -0.523
4000 0.200 | -1.262 | 0.200 | -3.314 | 1448 | -1.557 | 0.830 [ -0.090
5000 0.200 | -1.333 | 0.204 | -4.538 | 0960 | -1.596 | 1.068 | -0.085
6300 0.200 | -1.413 | 9936 | -9.767 | 9979 [ 3919 | 0.748 [ -0.068
8000 0.200 | -1.721 | 5.389 | -2.100 | 1.812 | -0.625 | 0.757 | 0.015

10000 0.200 | -2.035 | 2.368 | -1.313 | 3.641 0.841 | 0.847 | 0.019
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Appendix B NASA Glenn ICD Array Microphone Locations

microphone x (in) y (in) z (in)
1 -16.63 | -42.70 -0.36
2 -16.63 | -42.27 5.72
3 -16.63 | -35.92 22.73
4 -16.63 | -23.09 35.56
5 -16.63 12.03 40.61
6 -16.63 42.70 -0.36
7 -16.63 12.03 -41.33
8 -16.63 | -23.09 | -36.28
9 -16.63 | -35.92 | -23.44
10 -16.63 | -42.27 -6.44
11 -30.78 | -38.90 -0.61
12 -30.78 | -37.32 10.35
13 -30.78 | -32.72 20.42
14 -30.78 | -16.16 34.78
15 -30.78 16.16 34.78
16 -30.78 38.90 -0.61
17 -30.78 16.16 -35.99
18 -30.78 | -16.16 | -35.99
19 -30.78 | -32.72 | -21.64
20 -30.78 | -37.32 | -11.57
21 -4198 | -30.20 -0.81
22 -4198 | -28.98 7.70
23 4198 | -22.82 18.97
24 -41.98 -8.51 28.17
25 -41.98 12.55 26.66
26 -41.98 30.20 -0.81
27 -41.98 12.55 -28.28
28 -41.98 -8.51 -29.78
29 4198 | -22.82 | -20.58
30 -4198 | -28.98 -9.32
31 -49.03 | -18.70 -0.93
32 4903 | -17.94 4.34
33 -49.03 | -12.25 13.20
34 -49.03 -2.66 17.58
35 -49.03 10.11 14.80
36 -49.03 18.70 -0.93
37 -49.03 10.11 -16.66
38 -49.03 -2.66 -19.44
39 4903 | -12.25 | -15.06
40 4903 | -17.94 -6.20
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Figure 14. Hardwall real and imaginary parts of acoustic pressure, M=0.3.
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Figure 17. Ceramic tubular liner sound pressure level, M=0.3.
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Figure 18. Ceramic tubular liner real and imaginary parts of acoustic pressure, M=0.3.
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Figure 22. Computational grid for example aft fan duct (28 X 162).
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Figure 32. CDUCT calculated attenuation for baseline lining, Gaussian tip source, conventional geometry.
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Figure 37. CDUCT calculated attenuation in conventional geometry with baseline lining and highly curved
geometry with 6-zone lining.
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Figure 41. Sample CDUCT solution for ANCEF, (-4,0) mode, 2BPF.
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Figure 42. Comparison between ICD array and rotating rake, 10 rods, BPF.
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Figure 44. Comparison between ICD array and rotating rake, 15 rods, BPF.
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